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Abstract

We investigate the mechanism of hole diffusion across leaky amorphous TiO2 (am-

TiO2) layers. Through ab initio molecular dynamics simulations, we construct an atom-

istic model of am-TiO2 consistent with the experimental characterization. We first

demonstrate that the oxygen vacancies do not occur in am-TiO2, as they can be as-

similated by the amorphous structure upon structural rearrangement. Hence, their role

in hole diffusion is ruled out. In contrast, O-O peroxy linkages are formed in pristine

am-TiO2 upon injection of excess holes, with an associated defect level lying at 1.25 ±

0.15 eV above the valence band of the material. We show that such linkages can provide

a viable mechanism for hole diffusion in am-TiO2, as illustrated by a diffusion path of

1.2 nm with energy barriers lower than 0.5 eV in our atomistic model of am-TiO2.

Titanium dioxide has been widely studied in the last decades due to its promising per-

formance in a variety of novel technologies, such as dye-sensitized solar cells,1 hydrogen

storage,2 photocatalytic water splitting,3 and sensors.4 In this context, most of the ongo-

ing theoretical research has focussed mainly on crystalline phases of TiO2, such as rutile,

anatase, and brookite, with a particular focus on the electronic structure,5–9 the surface

chemistry,10,11 and the TiO2-water interface.12–14 However, more recently amorphous TiO2

(am-TiO2) has attracted the interest of a growing scientific community, due to its possible

application as switching material in resistive memory devices,15 blocking layer in bulk het-

erojunction solar cells,16 and surface passivation layer in biosensors.17 A deep interest in

the electronic properties of am-TiO2 has arisen by recent unexpected observations18,19 of the

performance of this material as a coating layer for photoanodes in photocatalytic water split-

ting.18,20–23 In particular, an am-TiO2 overlayer has been used to stabilize Si, GaAs, GaP,

and Fe2O3 photoanodes.18,19 Surprisingly, the insulating overlayer of am-TiO2 does not only

protect the photocatalyst from degradation, but it also allows the photogenerated holes to

diffuse through the amorphous and to reach the interface with liquid water, thus behaving

as a leaky channel rather than as an insulating layer.18 An attempt to explain this leaky
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behavior in terms of oxygen vacancy hopping has recently been put forward,24 while a pos-

sible role of extrinsic defects has been excluded due to the low estimated mobility of charge

carriers.25,26 However, the nature of intrinsic defects in amorphous materials has recently

been questioned and it has been proposed that oxygen vacancies may actually not occur

in amorphous oxides.27 Therefore, it is of interest to investigate in more detail the possible

transport mechanisms of holes in a technologically revelant material, such as am-TiO2.

In this Communication, we combine electronic-structure calculations, molecular dynam-

ics simulations (MD) and nudge elastic band (NEB) calculations to study the mechanism of

hole diffusion across amorphous TiO2 layers. We first build an atomistic model of am-TiO2

of which the structural and electronic properties are consistent with available experiments.

Next, we investigate the stability of the oxygen vacancy and find that structural rearrange-

ments in the amorphous can assimilate oxygen vacancies, thus excluding them as a possible

channel for hole diffusion across the material. At variance, we find that excess holes in the

material lead to the formation of O-O peroxy linkages with a defect level at 1.25 ± 0.15

eV above the valence band. Considering that an O-O peroxy linkage can store two holes

and that these holes are released when the O-O pair is broken, we propose an exchange

mechanism for hole conduction in am-TiO2, which is based on the simultaneous breaking

and forming of O-O peroxy linkages that share one O atom. Through NEB calculations, we

demonstrate a hopping path as long as 1.2 nm with barriers of 0.3-0.5 eV, thus indicating

that hole diffusion through O-O peroxy linkages is viable in am-TiO2.

All the calculations are carried out with the freely available CP2K suite of codes,28 which

is based on the use of atomic basis sets and of a plane-wave expansion for the electron

density. Norm-conserving Goedecker-Teter-Hutter pseudopotentials29,30 are used to account

for core-valence interactions. We use a triple-ζ correlation-consistent polarized basis set (cc-

pVTZ)31 for O atoms, and the shorter range molecularly optimized double-zeta basis set

with one polarization function (DZVP-MOLOPT-SR-GTH)32 for Ti atoms. The plane-wave

basis set is delimited by a kinetic-energy cutoff of 500 Ry. The sampling of the Brillouin zone
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is achieved at the Γ point. Structural relaxations and molecular dynamics (MD) simulations

are carried out with the Perdew, Burke, and Ernzerhof (PBE) functional,33 which is shown

to provide structural properties of crystalline rutile (r-TiO2) and anatase (a-TiO2) in good

agreement with experiment (cf. Table 1 and Ref. 14).

MD simulations within the NVT ensemble are used to generate an atomistic model for

am-TiO2 through the melt-and-quench method. This technique has proved successful in

generating atomistic models of amorphous oxides.24,34–38 In these MD simulations, the tem-

perature is controlled by a Nosé-Hoover thermostat.39,40 A 3×3×4 supercell of rutile TiO2

containing 216 atoms is taken as initial configuration. Through uniform elongation along the

three Cartesian directions, the starting configuration is fixed at a density of ρ=3.82 g/cm3,

in order to stay within the experimental range (3.80-3.85 g/cm3, Refs. 41 and 42). The

prepared system undergoes molecular dynamics for a duration of 12 ps at a temperature

of 4000 K, much higher than the melting point of TiO2 (Ref. 43). This ensures that there

is no memory from the initial crystalline structure upon MD. Then, we carry out a slow

cooling procedure in which the temperature is decreased at a rate of 75 K/ps, until the final

temperature of 300 K is reached. The lattice parameters of the model are then relaxed and

we obtain a final structure with ρ =3.85 g/cm3 (cf. Fig. 1), still consistent with the experi-

mental range.41,42 In the Supplementary Information,44 we generated two additional models

following the same protocol but with cooling rates of 300 and 600 K/ps. The structural and

electronic properties of the generated models do not show any significant difference for the

cooling rates investigated.

We test the structure of the achieved am-TiO2 model by comparing the calculated radial

distribution functions (RDF) with their experimental counterparts measured for sputtered

amorphous TiO2 layers (cf. Fig. 2).45 The position of the main peaks and the shape of

the curves for O-O, Ti-O, and Ti-Ti RDFs are in fair agreement with the experiment. In

addition, we calculate the coordination number for oxygen and titanium atoms, considering

a Ti-O cutoff distance of 2.4 Å, which corresponds to the position of the first minimum in
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Figure 1: Atomistic representation of the am-TiO2 model achieved in this work. The lattice
parameters of the supercell are also reported. O atoms in red, Ti atoms in cyan.

the Ti-O RDF. We find that the majority of Ti atoms are sixfold coordinated (70%), but

sevenfold (23%) and fivefold (7%) coordinations are also relevant. Threefold coordination

is found to be prevalent for O atoms (80%), with only a small fraction of O atoms showing

either twofold (14%) or fourfold (6%) coordination.

The electronic properties of am-TiO2 are evaluated at the hybrid functional level, in

order to overcome the band gap underestimation associated with semilocal functionals. In

particular, we use the PBE0 functional,46,47 in which we set the fraction of Fock exchange α

to 0.15, as this value reproduces the experimental band gap of both r-TiO2 and a-TiO2 (cf.

Table 1). We refer to this level of theory as to PBE0(α). Hybrid-functional calculations are

performed using the auxiliary density matrix method,47–49 available in CP2K. The am-TiO2

model constructed in this work has a band gap of 3.42 eV, close to the experimental range

(3.20-3.40 eV).50–53

In this work, we investigate charge transport through defect states. Extrinsic charge

carriers are ruled out by their low mobilities.25,26 Furthermore, the hopping through extrinsic

impurities would require excessively high defect concentrations. Therefore, we focus in this

study on intrinsic defects, such as vacancies and interstitials, which result from stoichiometric

imbalance. For am-TiO2, it sufficient to focus on oxygen related defects as the concentration

imbalance due to missing or excess Ti atoms would lead to equivalent defects in the relaxed

amorphous oxide.27 Hence, the study of oxygen vacancies and interstitials is expected to give
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Table 1: Calculated lattice parameters and mass density ρ at the PBE level for
am-TiO2, r-TiO2, and a-TiO2. The band gaps Eg are calculated at the PBE0 level
with α = 0.15, on structural configurations achieved at the PBE level. Results
for r-TiO2 and a-TiO2 are taken from Ref. 14. Experimental values for both
structural and electronic properties are reported for comparison.

a (Å) b (Å) c (Å) ρ (g/cm3) Eg (eV)
am-TiO2

Present theory 14.31 14.23 12.17 3.85 3.42
Expt. 3.80-3.85a−d 3.20-3.40e,f

r-TiO2

Present theory 4.66 3.00 4.07 3.02
Expt. 4.59 2.96 4.25 3.00g

a-TiO2

Present theory 3.81 9.67 3.79 3.35
Expt. 3.79 9.51 3.89 3.36h,i

a Ref. 50. b Ref. 51. c Ref. 52. d Ref. 53. e Ref. 41.
f Ref. 42. g Ref. 54. h Ref. 55. i Ref. 56.

Figure 2: Radial distribution functions g(r) for (a) Ti-O, (b) O-O, and (c) Ti-Ti, as achieved
from 3-ps-long molecular dynamics of the atomistic am-TiO2 model at 300 K. RDFs as
achieved from X-ray diffraction for sputtered TiO2 amorphous layers45 are shown for com-
parison.
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a comprehensive account of the defects states relevant to charge transport.

First, we analyze the stability of the oxygen vacancy in am-TiO2. We create an oxygen

vacancy by removing a single O atom from the am-TiO2 model and relax the structure of the

neutral defect at the PBE level. This procedure is carried out for ten different oxygen atoms,

which show variations in their local chemical environment. The electronic structure of the

system is carried out at the hybrid functional level before and after the structural relaxation

of the neutral vacancy. The wave function corresponding to the occupied defect state is

always found to localize within the vacancy prior to relaxation [cf. Fig. 3(a)]. However, upon

structural relaxation, the vacancy is completely assimilated by the amorphous structure in all

the studied cases, and the associated wave function is found to be delocalized [cf. Fig. 3(b)].

This corresponds to a shift of the defect level towards the conduction band edge [cf. Fig.

3(c)]. Similar results are achieved for the +2 charge state. Overall, the removal of an O atom

has produced a defect-free substoichiometric oxide, am-TiO2−δ, similarly to what has been

observed previously for oxygen-deficient amorphous HfO2 and amorphous Al2O3.27,36 Hence,

unlike for the crystalline phases of TiO2, oxygen vacancies do not occur in the amorphous

material. By consequence, the hopping of holes in am-TiO2 through defect states associated

with this kind of defect cannot be supported. Equivalent results are achieved when a Ti

atom is removed from the atomistic model of am-TiO2.

Figure 3: Isosurface representation (blue) of the wave function corresponding to the highest
occupied single-particle energy level associated with the neutral oxygen vacancy (a) before
and (b) after structural relaxation; O atoms in red, Ti atoms in cyan. (c) Evolution of
the Kohn-Sham energy level associated with the defect state upon structural relaxation.
Energies are given in eV and are referred to the VBM of pristine am-TiO2.

Next, considering an oxygen interstitial is equivalent to introducing two extra holes,
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as the oxygen atom only takes the −2 charge state.27 Hence, we address the case of excess

oxygen by adding two holes to the system and by carrying out MD simulations with the PBE

functional. We use a temperature of 1000 K to accelerate the crossing of energy barriers.

After 3 ps of simulation, the system has relaxed and its energy has undergone a decrease of

∼ 2 eV. The stabilization results from the rearrangement of the amorphous structure leading

to the formation of an O-O peroxy linkage with a bond length of 1.44 Å [cf. Fig. 4(a)]. To

examine the stability of the O-O peroxy bond in am-TiO2, we carry out MD simulations at

a higher temperature of 1500 K for 5 ps and find that this feature is preserved. The O-O

moiety is found to disappear upon injection of two electrons in the system. We repeat this

computational procedure using 30 different starting configurations, as achieved from the MD

of the uncharged am-TiO2, and the O-O pair is systematically recovered. In particular, we

can distinguish two bonding patterns for the peroxy linkage: (i) the two O atoms in the

peroxy linkage form one bond to the same Ti atom [cf. Fig. 4(a)] and (ii) the O atoms are

bonded to different Ti atoms [cf. Fig. 4(c)]. The former is generally found to be less stable

than the latter by 0.2 eV, because of the significant distortion of the O-Ti-O angle. In our

analysis, the bonding between O and Ti atom is assigned according to a Ti-O cutoff distance

of 2.4 Å, which corresponds to the first minimum of the Ti-O radial distribution function

[cf. Fig. 2(a)]. The O-O peroxy linkages are easily recognized as their average bond length

(1.46 Å) is much lower than distances between second-neighbor O atoms, which exceed 2 Å,

as can be inferred from the O-O RDF in Fig. 2(b).

We characterize the electronic levels of the observed defect using the grand-canonical for-

mulation in which the defect formation Ef [X
q] is expressed as a function of the Fermi energy

εF, defined with respect to the valence band maximum (VBM) εv of the bulk system:57,58

Ef [X
q] = Etot[X

q] + Eq
corr − Etot[bulk]

−
∑

i niµi + q[εF + εv + ∆υ0/b], (1)
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Figure 4: Representation of am-TiO2 with an O-O peroxy linkage in a configuration in which
the O atoms involved in the O-O bond (a) are linked to the same Ti atom or (c) are bonded
to different Ti atoms. The structures in (a) and (c) correspond to local minima denoted M1

and M2 (cf. main text). In (b), we illustrate the transition state denoted T12, which connects
M1 and M2, as achieved from NEB calculations. The yellow spheres represent the centers
of maximally localized Wannier functions associated with the relevant O atoms. The atoms
denoted Ti2, Ti3, and Ti5 are sixfold coordinated, whereas Ti1 and Ti4 are sevenfold and
fivefold coordinated, respectively.

where Etot[X
q] is the total energy of the supercell with a defect X in the charge state q,

Etot[bulk] the total energy of bulk am-TiO2, ni the number of added or subtracted atoms of

the species i needed to create the defect X, and µi the respective chemical potentials. The

potential alignment term ∆υ0/b accounts for the potential shift between the bulk and the

neutral defect calculation.58 Eq
corr is a finite-size electrostatic correction associated to the use

of periodic supercells.58,59 The charge transition level ε(q/q′) is defined as the specific value

of εF for which the formation energies in the charge states q and q′ coincide. From the 30

different structural models with two injected holes, we find an average +2/0 thermodynamic

charge transition level of the peroxy linkage at 1.25 eV above the VBM, as illustrated in Fig.

5. The defect distribution is characterized by a standard deviation of 0.15 eV. The energy

levels and the O-O bond lengths for the 30 structural models are given in the Supplementary

Information.44

The distribution of calculated defect levels is reported in Fig. 5 with respect to the band

alignments18,60–62 between am-TiO2 and the three semiconductors considered in the experi-

ment of Ref. 18, namely Si, GaAs, and GaP. In this experiment, holes in the p-type semicon-

ductor reach the catalytic surface by conduction through a thin layer of am-TiO2 deposited
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on the semiconductor.18 The large currents observed in the experiment preclude conduction

of holes through the valence band of am-TiO2, which involves barriers corresponding to the

valence band offsets, i.e. 2.22, 2.02, and 1.42 eV for Si, GaAs, and GaP, respectively (cf. Fig.

5).18 We here suggest that the conduction occurs through charge hopping associated with

the +2/0 level of the O-O defect. This conduction channel lowers the barrier for charge

injection into am-TiO2 by ∼ 1.25 eV for the three semiconductors, providing a rationale for

the large currents observed in the experiment.18

Figure 5: Energy diagram illustrating the distribution of +2/0 charge transition levels as-
sociated with O-O defects in am-TiO2. The band edges of Si, GaAs, and GaP are aligned
with those of am-TiO2 using the measured results of Refs. 18,60–62. All energies are given
in eV and referred to the VBM of the pristine am-TiO2 model.

To reveal the hole transport mechanism through O-O peroxy linkages upon injection in

am-TiO2, we investigate the breaking of an O-O pair followed by its simultaneous formation

in a neighbouring location. We first consider a mechanism in which the initial and final O-O

peroxy linkages do not share a common O atom. We add two extra holes and observe the

formation of a second O-O pair within the same model at a distance of ∼4 Å from the initial

O-O pair. We then construct initial and final configurations in the +2 charge state, both

of which contain a single O-O pair, but in different locations. To determine the transition

barrier, we perform NEB calculations at the PBE level with the improved tangent (IT)

method,63 considering nine replicas between the initial and final configurations. In this way,

we obtain a transition barrier of 1.0 eV resulting from the high energy cost for breaking the
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O-O bond at the transition state.

We then investigate a second transport mechanism, in which the O-O peroxy linkages

of the initial and final states share an O atom. This mechanism relies on the fact that all

oxygen atoms can be involved in the formation of at least two different O-O pairs by relatively

minor structural adjustments. The oxygen atoms do not diffuse across the material and they

recover their original positions once the positive charge has passed. In this case, we have

been able to construct a minimum energy path involving four subsequent steps by which the

charge associated with an O-O pair diffuses over a distance of 1.2 nm, with barriers ranging

between 0.3 and 0.5 eV (cf. Fig. 6). The lower barriers found in this second mechanism can

be explained by analyzing the structure of the transition states Tij between two consecutive

energy minima Mi and Mj. In fact, in the transition state Tij, the O atom which is shared by

the initial and final O-O pairs is found to be almost equidistant from the O atoms involved

in the O-O linkages in Mi and Mj [cf. Fig. 4(b)], with average bond lengths of about 1.8

Å, longer by 0.36 Å than those observed in an isolated peroxy bond. Hence, the diffusion

proceeds without ever completely breaking the O-O bond and the transition barriers are

lower. This behavior can further be illustrated in terms of maximally localized Wannier

functions,64 which give a real-space representation of the electron localization. In Fig. 4,

we show the evolution of the centers of such Wannier functions for the relevant O atoms as

the hopping proceeds. In the initial state, the Wannier center representing the O1-O2 bond

is located centrally, but moves closer to O1 in the transition state, where O2 attracts one

of the lone pairs of O3, in view of forming a regular O2-O3 bond in the final state. This

process gives a diffusion mechanism by which the holes leak through the am-TiO2 layer,

despite the presence of a well defined band gap that supports its insulating character. The

energy barriers are found to be only marginally affected by the density functional as IT-NEB

calculations at the PBE0(α) level are found to give differences smaller than 0.07 eV.

It should be noted that the energy barriers calculated in this work may represent an

upper-bound limit. In fact, given the disordered environment and the possibility of forming
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O-O pairs anywhere in the oxide, the diffusion is expected to proceed through percolation,

generally resulting in overall lower transition barriers than the ones encountered in the

present study. Furthermore, the barrier is related to the distance between O atoms, which

in turn depends on the concentration of oxygen in the material. Therefore, lower barriers

are expected to occur in oxygen-rich conditions or in amorphous layers of higher density.

Figure 6: (a) Energy diagram illustrating the hole diffusion through O-O peroxy linkages in
am-TiO2 along a diffusion coordinate visiting several minima Mi in sequence (i = 1, 2, ...5).
Transition states Tij connect sequential minima Mi and Mj, where j = i + 1. The minima
M1 and M5 are separated by a distance of 1.2 nm.

In conclusion, we studied hole diffusion across amorphous TiO2 layers through O-O per-

oxy linkages. We generated a model for amorphous TiO2 through ab initio molecular dynam-

ics simulations, and found good agreement with the experimental characterization. Then, we

demonstrated that oxygen vacancies cannot contribute to hole transport, as these intrinsic

defects do not occur in am-TiO2. In contrast, O-O peroxy linkages are formed in pristine

am-TiO2 upon injection of excess holes, and give a defect distribution centered at 1.25 eV

above the valence band. The hole diffusion in am-TiO2 through an exchange mechanism

involving such O-O pairs is viable and proceeds with energy barriers lower than 0.5 eV.
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